A techno-economical evaluation of the processing result of waste sorting plants should at least provide a realistic assessment of the recovery yields of valuable materials and of the qualities of the obtained products. This practical data is generated by weighing all the output products and sampling these products. Due to the technological complexity of sorting plants, for example, lightweight packaging waste treatments plants and the high expenditures concerning time and costs of sampling with subsequent manual sorting for quality determination, usually only final products undergo such an investigation. Thereby, the transferability of the results depends decisively on the boundary conditions (extent, throughput of the plant, process parameterization). Given that the process is too complex, not all relevant information of the process steps can be determined by sampling. By model calculations and/or adjustment of reasonable assumptions, information concerning weak points in the process can be identified, which can be used for further plant optimization. For the example of the recovery of beverage cartons from co-collected and mechanically recovered mixtures of lightweight packaging waste, a methodical approach for the assessment of processing results will be presented.
Introduction
Waste is treated in sorting plants to provide feedstocks for mechanical recycling and/or energy recovery. The generated recyclable materials should hereby meet the requirements of the mechanical recycling facilities regarding defined quality standards. In Germany and Austria, for example, the product specifications of the DKR (Deutsche Gesellschaft für Kreislaufwirtschaft und Rohstoffe mbH) are relevant for lightweight packaging (LP) materials. These specifications define the minimum amounts for recyclables and the nature and maximum content of impurities for specific types of plastic, metals, beverage cartons (BCs; DKR, 2012), paper and boards. The DKR also sets the minimum quantities that the system operator must provide to the licensor, for example, dual systems, which means that in addition to qualitative requirements, the operator has to meet quantitative requirements. The service charges for the required quantities provided by the licensor are generally not sufficient for an economic operation of a sorting plant. However, the operator of the sorting plant is allowed to generate additional revenues by selling product quantities that exceed the quotas on the market.
In contrast to other material processing industries, the sorting facilities in the waste sector do not only produce recyclable materials with a positive value, but also sorting products and residues with a negative value. The product with the highest share (mixed plastics (MPs)) can only be traded to a mechanical recycling facility in the case that a recycling fee is being paid. The amount is also usually significantly higher than that of the recyclable materials. Suboptimal sorting processes involve not only a technical, but also a considerable economic risk that must be weighed accordingly by the plant operators.
Therefore, there is a need for a precise knowledge of the possibilities and limitations of the used technology. Due to the lack of alternatives, this information has to be obtained by sampling. The significance of a sample is determined by the invested effort.
Case A: in most cases, the sampling is carried out with the objective to determine the quantities and qualities of recyclable materials that are produced. Hence, the sorting products are sampled, the material compositions are determined by sorting and the mass flows are usually determined by weighting. The required effort for sampling, including a sorting analysis, is relatively small and therefore represents the industrial practice to monitor the quality in many sorting plants.
Case B: due to the above-mentioned economic circumstances, it is important for the operator of the plant to know the quantities of valuable materials that are incorrectly sorted into the residue. After all, incorrect sorting causes valuable material to be converted into fee-based products with zero or even negative revenues. The yield of the valuable material, meaning the amount of the desired material in the product based on the feed, has therefore to be calculated as well. In contrast to the first-mentioned procedure, all output flows must be sampled and analysed. This procedure is very labour intensive due to the number of products, which can reach up to 10 items in LP systems. Feil et al. (2016) performed a full balance of the final products on three LP systems using the example of the recovery of BCs from LP waste. It was found that while two production plants exceeded the purity requirements of BCs (90 wt. %), all the plants had a valuable material loss between 45 and 61 wt. %.
Case C: the approach followed in Case B does not identify at what point and to what extent during the process recyclables are discharged erroneously. Suboptimal pre-conditioning steps that cause losses of valuable materials cannot be identified with information gained from sampling the final products only. Only complete data acquisition at any intermediate processing step allows one to draw conclusions about weak points and any necessary plant optimization procedures through customized process parameterization or procedural modifications. Due to the fact that the number of personnel and the amount of time required are extremely high, these measures are carried out for plant approvals in order to verify the contractually agreed sorting results and do not represent real operational standard tools.
This raises the question of how one can obtain a complete technological process description of a sorting plant by a combination of sampling, back-calculations and -if necessary -by reasonable assumptions (modelling). Such an approach would identify the weak points of the process that require improvement. The following builds on previous work (Feil et al., 2016) , in which the yield of BCs was determined in three LP operating plant by sampling the final products (Case B). The findings will be used in the form of a decision tree for a systemic instruction manual for plant operators and samplers. It will be used to assess the course of action depending on whether a high or low uncertainty of results is to be expected.
Methodology
The sampling procedure and the necessary policies are described in detail by Feil et al. (2016) : the data was generated by gravimetric determination of the sorting products, sampling and sorting analysis. Since the particle size of BCs is larger than 120 mm, a modified sampling plan was implemented and targeted multiple sampling (3-11 individual samplings) and a total sample size of respectively 1200 l (ca. 60 kg) for the BC products and of about 2400 l (ca. 120 kg) for material-heterogeneous MPs and sorting residue products. By back-calculating it was possible to determine the yield of BCs in the BC product as well as the incorrect discharges into other sorting products. The system is thus defined by the input and output streams. Information about the operational details of the plant (machine settings and so on) is, however, not available and hence the plant is regarded as a "black box".
For evaluating the accuracy and, thus, the validity of the sampling, for the repeatedly sampled products, the confidence interval (CI) is calculated for the recyclable material content with a confidence level of 95%; this means that, with sufficient repetition of the sampling, at least 95% of the CIs calculated on the basis of the determined data reflect the true value of the composition (Feil et al., 2016) .
In the case of missing information in the process flow, either calculations or assumptions have to be made in a way that the sampling results fit nicely with the calculated results.
The sorting process was broken down in modular process steps, or subsystems ( Figure 1) . The subsystem has one input flow and two output mass flows, each with different contents, as is often the case in separation processes in sorting plants (for example, separation into a light fraction (LF) and heavy fraction (HF), films (two-dimensional (2D)) and rigids (three-dimensional (3D)), coarse and fine material, tinplate and non-tinplate).
A similar system can be determined when at least four of the six system parameters are known. The unknowns can be deter- Separation process with two output streams (a), output stream with three input streams (b) and circulation (c) (modified; according to Bunge, 2012) .
with m = mass and C = concentration of a certain feature (e.g. BC content). If, for example, m and C of the input stream are known, as well as an output product, the missing information can be calculated for the second output product. Therefore, the process would be completely determined by simple back-calculation. If more than two unknowns exist, the missing information in terms of m and C must be obtained by making assumptions or modelling.
Once all the data for the separation process is determined, the separation coefficient (SC) can be calculated. It indicates what percentage of the valuable material (in this case BCs) is transferred into the valuable product and is calculated as follows ( 3) with m C * = valuable material content (hereinafter also referred to as mass yield of BCs " R mBC ") from the ratio of the separation products In the following, the nominator is the target fraction in which the valuable material should be enriched, while the denominator is the "non-target product". High SCs are therefore an indication of a good separation, while low SCs are an indication of a poor separation.
The calculation of such systems depends on how much information is known about the partial streams and if the number of unknowns equals the minimum required number for the abovementioned equations.
Other subsystems require more effort to be determined (see Figures 1(b) and (c)). In the example in Figure 1(b) , an output stream is made of three material streams. From the eight variables, a maximum of one mass and one concentration are allowed to be unknown in order to uniquely describe the system.
Another process configuration that exists in practice is shown in Figure 1 (c) (partial recirculation). It is impossible to arithmetically determine the process without precise knowledge of the individual production flows. Here too, appropriate assumptions have therefore to be made.
The calculations presented in the following section were made using "Microsoft Excel 2010". Since the software is by default unable to calculate cycles, the option "Iterative calculation" was activated. The iteration is to be conducted until a pre-determined delta in the values is not exceeded.
For illustrative purposes the respective processes are shown as Sankey diagrams, in which the width of the arrows is proportional to the BC mass flow. Process stages in which assumptions were made are numbered on the diagrams. The numbers are based on the mass of BCs R mBC , which has undergone the respective process step.
Results and discussion
The nomenclature of the plant designation of the research presented by Feil et al. (2016) is continued. Process balancing is done for the simplest plant (plant III; simple linear process without recirculation) as well as for visibly more complex configurations (plant I; high number of process stages with ramified process streams). Plant II is only included for illustrative purposes but it is not further covered.
Plant III
A hard plastic pre-concentrate, which was produced in a Mechanical Recovery Facility (MRF), was used as input for the studies. The plant ( Figure 2 ) is designed to generate PE (polyethylene), PET (polyethylene terephthalate), PP (polypropylene) and BC products by an appropriately parameterized near infrared (NIR) separation system. For the first step of the classification, a drum screen of 65 mm is used and the fine fraction is subsequently screened at 15 mm using a linear motion screen and the screen underflow is discharged as "fines". The screen overflow >65 mm is fed into a ballistic separator, which aims to remove 2D material from the material flow in order to achieve the required loosening of the material to form single objects in the stream for the following NIR separation acting as a pre-conditioner. The flat content is discharged with the stream <15 mm as the sorting residue.
The 3D fraction is then led to a multistage cascade NIR. For quality assurance (removal of impurities), the polymer fractions as well as the BCs are manually sorted (first collection point BC product; second collection point BC product). The rest of the sorted material is the so-called AzV product (AzV = waste for incineration). The third collection point for BCs was through manual sampling after the BC separation in the NIR. This stream was discharged as MP product after manually sorting out PET and BCs.
The sampling results of the final product from Feil et al. (2016) have shown that 51.1 wt. % of the BC fraction in the input was sorted into the BC products; 38.4 wt. % of BC was discharged in the sorting residue, while 9 wt. % was in the MP product and 1.5 wt. % erroneously in the Fines. The BC product had a purity of 98 wt. %, which exceeds the requirements of the product specifications, which have to have purities of >90 wt. %. The process result can thus be classified as suboptimal due to the high rate of BC loss in the sorting residue and MP product and the significantly higher than required levels of BC content in the final product (98 wt. % instead of >90 wt. %).
This raises the question of at which points in the process how many BCs are erroneously discharged.
The information about the mass yield and the material composition are available for all output streams and by back-calculation for the input stream as well. The mass yield of BCs has to be derived from this data either by calculation and when necessary by additional assumptions.
The SCs of both screens are missing in order to balance the streams between the input and ballistic separator. At these points, therefore, assumptions must be made. Since the classification is based on geometrical dimensions, the geometric dimensions of BCs are needed for the assumptions. Only materials that exhibit two dimensions that are smaller than the dimensions of the screen lining of 65 mm × 65 mm can pass through the screen. In the Netherlands, BCs are sold primarily with volumes of 1 and 1.5 l and of which the longest dimension is >198 mm; the base area of BCs has dimensions of 68 mm × 68 mm. These large BCs will therefore not pass through the screen. BCs with lower volumes (0.5 and 0.25 l) are also produced; however, only BCs of 0.25 l are well below the mesh size and they amount to about 8 wt. % in input material. Due to lower stress on the screened material in the drum screen (no sharp screening) a SC of 62.5 wt. % was estimated for this type of BC. Hence, in summary, 5 wt. % of the input of BCs pass through the screen.
In the fine fraction of <15 mm 1.5 wt. % of BCs were discharged. Since the smallest product dimensions of BCs are >15 mm in both the compacted (compaction vehicles) as well as in the uncompacted state, this is initially a surprising finding. However, the value can be explained by the specific conditions on the day of sampling. In this case, a tear in the screen lining of about 25% of the total screen width was found shortly before the sampling. This error could not be corrected in time for the sampling for various reasons. Since, however, the aim was to model the existing process, a SC of 30 wt. % BC discharge in the fine-grain fraction <15 mm was set for the improper operation of the linear vibrating screen. With the SC for the screen classification, the R mBC of the screen residue is defined (SC: 70 wt. %) and is 3.5 wt. % of the feed material. This stream (fraction 15-65 mm) together with the flat material (2D) of the ballistic separator is disposed of as sorting residue. With this information and the known information on the feed material, the mass stream of BCs was determined for the underflow at 5 wt. %. This leaves 95 wt. % of BCs in the material flow, which are supplied to the ballistic separator.
A ballistic separator uses the circular motion of the paddle and the adjustable tilt to separate material according to their particle shape and weight. While rollable 3D particles migrate downward, lightweight and flat (2D) material is moved by the circular motion against the inclination to the upper discharge (Kranert and Cord-Landwehr, 2010) .
In plant III the ballistic separator is loaded with the overflow of the drum screen >65 mm. Since the input and the 2D output are known from the data of the sorting residues and the R mBC in the sieve residue 15-65 mm, they are used to calculate the separation behaviour of the R mBC for rollable 3D material. This shows that more than a third of the BC feed (38.69 wt. %) is falsely discharged into the 2D material.
The results of back-calculations confirm the practical experience, in which ballistic separators only have a limited separation efficiency (low SC; Jansen et al., 2015) . The present case is made more difficult due to the fact that the BCs are not uniform, either in shape or in surface. They can be flat (caused by the compaction in the pressing vehicle) as well as have a 3D shape. As already mentioned, the material originated from a MRF, i.e., was generated from Municipal Solid Waste (MSW). Certainly, aggravating for the separation were the high moisture content and the long storage times, which led to the softening of the BCs, whereby the dimensional stability and thus the separation characteristics significantly deteriorated.
Based on the input, about 60 wt. % of the BCs are still in the stream, which is then passed to the NIR cascade. After the positive separation of PP/PET and PE, the polymers undergo an additional BC manual sorting step (quality assurance). Hot spot sampling of polymer products as well as the AzV product showed that no BCs were misplaced. In addition, the manual sorting was executed with a low throughput, making the sampling conditions for the sorting staff almost optimal. Therefore, at these points (2) the sorting efficiency was set at 100 wt. %, that is, all BCs were transferred in the manual sorting from the material flow of the polymers into the BC product. In the NIR separation of PE, an increased BC separation (1.9 wt. %) was estimated because the cap of BCs is made of PE and thus a slightly increased discharge of BCs was to be expected at this point. Since no BCs were found in the AzV output, the SC of the manual sorting was set at 0 wt. %.
The stream of negatively hand-sorted material of the NIR-BC (separating BC and PP) is uniquely defined by the sampling results of the BC product as well as the MP product. It is noteworthy that a significant number of BCs are falsely separated in the MP product (9 wt. % with a SC of 4.4 wt. %). The low mass throughput at this point (300 kg h −1 ) leads to the conclusion that the manual sorting performance was extremely inefficient.
In short, the data lacking from the process description of plant III was generated by making a few assumptions with respect to the screening and the manual sorting. Both assumptions render calculated results that are consistent with the sampling results. Accordingly, the result for the complete technological assessment of the plant is classified as precise.
The weak points are mainly the ballistic separator, which is the major cause for the majority of falsely discharged BCs, and to a lesser extent, the manual sorting of BCs after the NIR-BC as well as the cut in the screen lining.
The following approaches exist for optimizing the BC yield. 
Plant I
Plant I (Figure 3) shows in contrast to plant III a significantly more complex process due to the higher number of NIR machines, which are connected in parallel (Line 1: BCs, paper and board, Line 2: polymers) and the additional integration of three air classifiers in the area of pre-conditioning. A BC product was only generated at one location in the process, as well as the products Fines (<50 mm), tinplate, paper, board and the polymer products of PET, PP and PE. The mixed fractions (films, MP, sorting residue) are fed by three streams. In addition, the process flow diagram is characterized by the recirculation of the material flows >200 mm and <200 mm (residues from the two NIR lines).
The material composition of all final products was obtained as in plant III by sampling. The information included the BC mass streams and the circulating content of BC > 200 mm; 55 wt. % of BCs were found in the target product; however, there were also high amounts in the sorting residue (18.3 wt. %) and in the MP fraction (22.2 wt. %) and to a minor extent in the Fines (2 wt. %), paper and board (1.2 wt. %) and PP (0.8 wt. %), films (0.5 wt. %) and tinplate (0.1 wt. %). In addition, the purity of the BC product was 75 wt. %, which is well below the required product purity of at least 90 wt. % of BCs. This is due to the fact that the manual sorting station of the BC product was not occupied throughout the sampling period for unknown reasons.
Due to a more complex process, particularly in the area of preconditioning, a significantly higher number of assumptions had to be made compared to plant III to completely describe the process (see Table 1 ).
The BC material flows in the Sankey diagram highlight the fact that the screening hardly has any impact on the BC stream. Significantly more decisive for the material flow distribution on the two NIR lines appears to be the first air sifting separation step. Almost half of the BCs are transferred in a LF and HF in this process step. Whether this is indeed so cannot be verified, since no samples were taken directly after the air sifter. Both NIRs, which generate the feed for the NIR BC and thus take over the function of pre-conditioning, are other key points for the processing of BCs. According to the above-made assumptions, nearly one third of BCs will get erroneously discharged there.
The assumptions appear plausible because of the known information about the target products; however, the modelling of the individual pre-conditioning steps shows a high degree of uncertainty, because no measured data is present in the area of pre-conditioning.
Moreover, during the sampling period, particularly in the air classification and the NIR separation stages, over-filling of aggregates occurred in some cases, which negatively affects the SC in the plant, with the undertaken sampling leading to further uncertainties.
To get more reliable results at these points, concrete data would be needed by targeted sampling, at least at pre-conditionsteps (6), (3) and (4) (as shown in Figure 3 ) in order to concretize the mass flows in the area of pre-conditioning of plant I.
Conclusion and outlook
In the following, instructions are presented based on the results of Feil et al. (2016) and on the previous section to serve as guidance for the samplers and plant operators. Although the results presented refer to separating BCs in LP Plants, this principle can be applied to other materials and sorting systems.
By answering the question with (Yes/No) in the following decision tree(s) (Figure 4) , the impact of proper and improper preparation or implementation on the reliability of results is presented. The aim is to minimize the uncertainty in order to obtain the most reliable results.
An essential prerequisite for meaningful data is initially to ensure a reproducible and faultless system operation by using constant parameters in compliance with the intended operation.
In case this is technically not possible, as in plant I (partial non-occupation of manual sampling) or plant III (defective screen lining) maximum static result uncertainties occur, as a result of non-reproducible conditions. The impact on the final results is greater, as the higher influence of the unit is for the inspected target product; while the defect in the screen lining 
Number
Assumptions:
1
The SC of the NIR-BCs was estimated at 80 wt. %, because of the present paper content (flat pieces) in the mass flow that do not always allow the singling of particles, which is necessary for a very good separation 2
The SC of resource recovery in (2) was set at 65 wt. % in order to avoid an undesired accumulation of BCs in the recirculating stream 3
No information was available about the BC content and flow rates with which the NIR BC was fed. It was assumed that the BCs came in equal amounts from the two parallel upstream NIR 4
The SC for the NIR-BC/P&B was assumed at 70 wt. %, since in addition to paper and board the anticipated films restrict the separation efficiency further than in (1) 5
The assumption is made that no BCs are transferred in the film fractions in the air classification and the manual sorting of the coarse material (5), since BCs are mainly present in the current >200 mm in the form of unopened containers 6
The upstream air classification of the NIR-BC/P&B is parameterized in a way that BCs are not discharged in the Fines fraction. The measured low BC content of 0.5 wt. % in the film product supports this assumption 7
The separation of the 0.5 wt. % of BCs into the film product is done by (6), the downstream air classifier 8
The recirculation of valuable material of the NIR in (9) is set at a SC of 65 wt. %. The two-nozzle assembly leads to an additional 7% of erroneously discharged material in the MP product because of air turbulence SC: separation coefficient; NIR: near infrared; BC: beverage carton; P&B: paper and board; MP: mixed plastic.
(plant III) had only a small influence on the treatment result, the required contents of BCs in the BC product were significantly lower by the only partial occupation of the manual sorting. In addition, the highest CIs with values >4% were determined here. The requirements for sampling and the implementation have been elaborately discussed by Feil et al. (2016) ; besides conforming to the number of samples and the sampling quantities, for example, by complying to appropriate guidelines, such as from LAGA PN 98, 2004 and LAGA PN 2/78 K, 1983 , it should be investigated in advance whether the stream can actually be sampled without restriction under the regular conditions at the sampling sites. Restricted accessibilities (e.g. bunker discharge) as well as health and safety regulation might lead to a very inexact fractional sampling. Alternative spots should be examined in case the sampling is not possible at the intended spots (for example, in the bunker intake instead of the bunker outlet of a horizontal baler; Feil et al., 2016) . Whether optimal or suboptimal conditions exist should be clarified prior to sampling. In the case that corresponding problems do not get resolved during sampling, they will lead to an increased uncertainty of results.
In terms of sampling parameters (number, size, scope), the existing specifications by directives or recommendation values are not always applicable as, for example, for material particle > 120 mm (for most relevant BC measurements). In this case the sampling has to be adjusted according to individual criteria.
Another result from Feil et al. (2016) is that the uncertainty of sampling increases with the heterogeneity of the stream, meaning especially the mixed fractions MP and sorting residues. While those fractions are not relevant in order to assess the final product, they are essential in order to determine the amount of valuable fractions that were falsely discharged. It is advisable to increase the sampling effort compared to the mostly homogeneous recyclable material products in order to increase the value of information. The sampling effort can be reduced by lowering the number of samples or by conducting hotspot samples if the amount of recyclable materials is expected to be insignificant.
While taking samples, it is also important to make sure the plant is being operated with an adequate amount of material. Over-or under-filling the units have a negative influence on the sampling results, which is greater where there are greater fluctuations in the mass flow and with greater deviation from the intended operating state. Due to the high content of films and ductile material for much waste like LP material, using those materials to produce a constant volume flow is difficult to implement in practice. It is important to have enough material to allow a constant flow. It is also essential that the material is fed evenly (for example, through mobile facilities) onto the continuous conveyors or the first process step. Even though the material flow is controlled at the beginning, it is not guaranteed that all units are going to be operated with the intended flow as the first stages of the process, for example, (opening of packages) through crushing changes the material properties. Control and regulatory devices can achieve a more even volume; however, until now those devices have been used only for waste with bulk densities, such as glass or wood chips.
Only in plants that are operated with the intended amount of material is it possible to make a statement in terms of weak points. Deviations thereof corrupt the information regarding the working capacity of a plant by superimposing the suboptimal efficiencies of the plant and, thus, limiting the value of sampling results. Therefore, one should decide during the trial via optical criteria at which times the intended operation is maintained and limit the sampling to these periods. Alternatively, in the case of strong variations, the degree of filling should be logged with the sampling in order to be used as an additional parameter to interpret the results. Unless this correlation of filling degree to sampling can be made, the result must be classified as uncertain. The sampling should therefore be adapted to the conditions of the material stream.
In the previous section it was shown how the results can be established in sections that were not sampled by making assumptions (modelling) and back-calculations. The most concrete results are obtained by back-calculations. A prerequisite, however, for back-calculating is that the system can be uniquely mathematically determined, viz. the number of unknowns is not higher than the number of equations. Information gaps can be closed through reasonable assumptions (screening in plant III). However, missing information about whole sections of the system (for example, preconditioning of plant I) limits this option immensely. Complex systems, ramified processes and material recirculation require much greater effort in terms of sampling in order to evaluate the efficiencies of the separation processes. The relevant sampling sections therefore have to be selected prior to sampling.
The certainty of the statements regarding the assessment of the system can be increased by means of the presented decision trees. However, the remaining shortcomings highlight the need for further research. Adaptive control mechanisms could largely minimize over-and under-filling states in the plants and thus lead to an overall higher recovery of valuable material. The necessary requirements are met by using sensory measuring methods, although they still require verification for this task. Also an indepth knowledge of the separation behaviour, for example, by mathematically based separation models would simplify the calculation of the SCs. Research at I.A.R. aims to develop models for the processes of screen and air classification. For this purpose, the extensive experience is used that has been gained during the treatment of a variety of waste materials by the staff of the Institute.
